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ABSTRACT
The Milky Way (MW) dwarf satellites, as the smallest galaxies discovered in the present-day uni-
verse, are potentially powerful probes to various baryonic processes in galaxy formation occurred in
the early universe. In this paper, we study the chemical properties of the stars in the dwarf satellites
around the MW-like host galaxies, and explore the possible effects of several baryonic processes, in-
cluding supernova (SN) feedback, the reionization of the universe and H2 cooling, on them and how
current and future observations may put some constraints on these processes. We use a semi-analytical
model to generate MW-like galaxies, for which a fiducial model can reproduce the luminosity function
and the stellar metallicity–stellar mass correlation of the MW dwarfs. Using the simulated MW-like
galaxies, we focus on investigating three metallicity properties of their dwarfs: the stellar metallicity–
stellar mass correlation of the dwarf population, and the metal-poor and metal-rich tails of the stellar
metallicity distribution in individual dwarfs. We find that (1) the slope of the stellar metallicity–
stellar mass correlation is sensitive to the SN feedback strength and the reionization epoch; (2) the
extension of the metal-rich tails is mainly sensitive to the SN feedback strength; (3) the extension of
the metal-poor tails is mainly sensitive to the reionization epoch; (4) none of the three chemical prop-
erties are sensitive to the H2 cooling process; and (5) comparison of our model results with the current
observational slope of the stellar metallicity–stellar mass relation suggests that the local universe is
reionized earlier than the cosmic average and local sources may have a significant contribution to the
reionization in the local region, and an intermediate to strong SN feedback strength is preferred. Fu-
ture observations of metal-rich and metal-poor tails of stellar metallicity distributions will put further
constraints on the SN feedback and the reionization processes.
Subject headings: galaxies: abundances - galaxies: dwarf - galaxies: formation - galaxies: evolution -
Galaxy: general - Local Group
1. INTRODUCTION
The dwarf satellite galaxies around the Milky Way
(MW), including both classical dwarf spheroidal galax-
ies (dSphs) and ultra-faint dwarf galaxies, are among
the least massive galaxies found in the universe (e.g.,
Zucker et al. 2006; Martin et al. 2007; Strigari et al.
2008; Geha et al. 2009; Simon et al. 2011; McConnachie
2012). They are believed to form at early times of the
cosmic history and reside in small dark matter sub-halos
with shallow gravitational potentials (e.g., Maccio` et al.
2010; Koposov et al. 2008, 2009). They are one of the
most representative classes of objects for studying the ef-
fects of various baryonic processes involved in galaxy for-
mation and in the early universe, such as supernova (SN)
feedback (see Font et al. 2011; Wyithe & Loeb 2013;
Robertson et al. 2005), the reionization of the universe
(e.g., Bullock et al. 2000; Somerville 2002; Benson et al.
2002; Grebel & Gallagher 2004; Wyithe & Loeb 2006;
Bovill & Ricotti 2009; Mun˜oz et al. 2009; Busha et al.
2010; Lunnan et al. 2012), and molecular hydrogen cool-
ing (e.g., Benson 2010). Understanding these processes
is one important step to understand the problems that
the ΛCDM cosmology faces at small galactic scales, such
as, the ‘missing satellite problem’ (Klypin et al. 1999;
Moore et al. 1999; Kravtsov et al. 2004; Strigari et al.
2007; Simon & Geha 2007; Brooks et al. 2013) and the
‘core/cusp problem’ (e.g. see de Blok 2010 and the ref-
erences therein). In this paper, we study the chemical
properties of the stars in the dwarf satellites around the
MW-like host galaxies, and explore the possible effects
of the above baryonic processes on them and how cur-
rent and future observations may put some constraints
on these processes.
The chemical properties of the dwarfs are potentially
powerful probes of the above baryonic processes (e.g.,
Font et al. 2011; Frebel et al. 2010). The chemical en-
richment of a galaxy are connected directly with the SN
feedback process and the star formation history. The
heavy elements were first synthesized by nuclear reac-
tions in stars and can be ejected into the interstellar
medium at the later stages of stellar evolution, through
stellar winds and SN explosion; and some chemical-
enriched interstellar medium can in turn participate in
the later formation of stars with enhanced metal abun-
dance (see Benson 2010, for a review). The processes
may occur repeatedly over time along the star formation
history. Different from the present-day star formation,
the star formation in the early universe can be affected
significantly by the reionization of the universe and the
molecular hydrogen cooling processes: the molecular hy-
drogen cooling was proposed to be an important cool-
ing mechanism in forming first stars/galaxies in metal-
free mini-halos in the early universe, where the gas tem-
perature of the mini-halos is not high enough to have
effective atomic cooling (e.g., Bromm 2013, Abel et al.
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2002, Bromm et al. 2002); and the reionization of the
universe may result in gas heating-up with increasing
pressure and the photoevaporation of small gaseous ha-
los and hence suppress star formation (e.g., Gnedin 2000;
Kravtsov et al. 2004; Okamoto et al. 2008).
In this paper, we employ the dark matter halo
merger trees and the semi-analytical galaxy formation
model (Cole et al. 2000, see also White & Frenk 1991;
Kauffmann et al. 1993; Somerville & Primack 1999) to
generate the MW-like galaxies and their dwarf satellites.
The model, with preferred model parameters, can re-
produce the luminosity function of the dwarf satellites,
the observed metallicity versus luminosity/stellar mass
correlation of the dwarf population, and also the stel-
lar metallicity distribution of some individual dwarfs.
Armed with this model, we further explore the effects of
various baryonic processes on the metallicity properties
by choosing different recipes for those processes. By com-
paring the model results with the observational metallic-
ity properties of dwarf satellites, we investigate the possi-
bility of using the metallicity properties to constrain the
baryonic processes, such as the supernova feedback, the
reionization of the universe, and the molecular cooling,
involving in the formation processes of those satellites.
The observational metallicity properties have recently
been used to understand the origin of the dwarfs
and constrain their formation histories. For example,
Kirby et al. (2011a,b) use the metallicity distributions of
eight MW classical dSphs to constrain their star forma-
tion histories, as well as the chemical enrichment mode,
i.e., the roles of inflow and outflow in the enrichment
histories; and Salvadori & Ferrara (2009) use the stellar
metallicity–luminosity correlation and the mean metal-
licity distribution of ultra-faint dwarfs to understand
their formation sites, redshifts, and star formation histo-
ries. Our study is distinguished from previous works in
a few aspects of the purpose and the method details as
follows.
• We consider the detailed assembling history and
the accompanied star formation history of each
dwarf satellite through a semi-analytical model-
ing of the MW formation. Many previous works
adopt simple description of the star formation his-
tory for individual dwarfs (e.g., Carigi et al. 2002;
Lanfranchi & Matteucci 2003, 2004; Fenner et al.
2006; Marcolini et al. 2006, 2008; Kirby et al.
2011b), which does not include the detailed assem-
bling history of galaxies and their dark matter ha-
los.
• The chemical enrichment caused by SNe II and
Ia are different in the time delay of ejecting en-
riched materials after the star formation and in
the element abundance of ejected materials (e.g.,
Matteucci & Recchi 2001). We consider the time
delay of the SN Ia enrichment after star forma-
tion explicitly in the chemical enrichment model;
while a number of previous works only use simple
instantaneous recycling of ejected materials, which
may not address the SN Ia enrichment properly
(e.g., Lanfranchi & Matteucci 2004). We note that
the chemical enrichment of SNe Ia has been con-
sidered in some semi-analytical galaxy formation
model (e.g., Nagashima et al. 2005a,b; Yates et al.
2013), for example, for intracluster medium, ellip-
tical galaxies, or MW-like disk galaxies, but not for
galaxies as small as the the dwarfs around the MW.
• We quantify the extension of the metal-poor and
metal-rich tails in the stellar metallicity distribu-
tion and explore the possibility to use them as a
probe of the baryonic processes.
• The semi-analytical galaxy formation models have
also been used to explore some properties of the
dwarfs (e.g., Font et al. 2011; Guo et al. 2011;
Li et al. 2010; Romano & Starkenburg 2013); how-
ever, those previous studies focus mainly on differ-
ent aspects, e.g., on the number abundance of the
dwarfs or the chemical evolution in an individual
(Sculptor) dwarf. Font et al. (2011) illustrate that
the chemical properties of the dwarfs can be used to
break the degeneracy in the effects of SN feedback
and reionization on their luminosity function.
• In addition, we adopt the Monte-Carlo method
based on the modified extended Press-Schechter
function to generate dark matter halo merger trees.
By this method, a large number of trees (e.g.,
100 or more trees) can be generated for each
set of parameters in an efficient way, which al-
lows a statistical study of the dwarf chemical
properties. Numerical simulations have provided
the assembly histories of several MW-sized halos,
e.g., the Via Lactea simulation (Diemand et al.
2007; Rocha et al. 2012) and the Aquarius simula-
tion (Springel et al. 2008; Starkenburg et al. 2013);
however, a much larger number of merger trees for
MW-sized halos directly from numerical simulation
are still not available.
The paper is organized as follows. The semi-analytical
galaxy formation model used in this study is described
briefly in Section 2, with emphases on the recipes of the
SN feedback and the SN Ia explosion rate that imple-
mented. We use the model to generate the MW-like
galaxies and their dwarfs in Section 3. The model with a
set preferred parameters can reproduce the observational
results on the metallicity properties of the MW dwarf
satellites well. We also show the obtained stellar metal-
licity versus stellar mass correlation and the metallicity
distribution of the dwarfs, by using different recipes for
SN feedback, reionization of the universe, and molecular
hydrogen cooling. Note that in this paper the metallic-
ity is expressed through [Fe/H], and we do not consider
the detailed distribution of alpha and other elements.
The constraints on the various physical processes are dis-
cussed in Section 4, and conclusion is given in Section 5.
We note that the age properties of the dwarf satellites
can be also used to put constraints on the above several
baryonic processes, in addition to the chemical proper-
ties investigated in this paper. We shall adopt a similar
method to explore the constraints from the age proper-
ties in a subsequent paper (in preparation).
In this paper we set the Hubble constant as H0 =
100 h km s−1Mpc, and the cosmological model used is
(Ωm,ΩΛ, h, σ8) = (0.25, 0.75, 0.70, 0.90).
32. METHOD
In this section, we briefly describe the semi-analytical
galaxy formation model that is used to explore the
metallicity properties of the MW satellites. The back-
bone of the model is the merger trees of MW-sized
dark matter halos, which may represent the hierarchical
growth history of the MW host halo. Detailed semi-
analytical recipes for galaxy formation and evolution
(for references, see Cole et al. 2000; White & Frenk 1991;
Kauffmann et al. 1993; Somerville & Primack 1999) are
incorporated into the merger trees to obtain the observa-
tional properties of the central MW galaxy and its satel-
lites.
We plant the merger trees of MW-sized ha-
los by the Monte-Carlo method developed by
Parkinson et al. (2008, see also Kauffmann et al.
1993; Somerville & Kolatt 1999; Cole et al. 2000), which
is based on a modified version of the extended Press-
Schechter formula. The obtained halo mass functions are
in good agreement with the N-body simulation results.
The merger trees are built from redshift z = 0 to 20, with
79 equal intervals in the logarithm of 1 + z. The mass
resolution of the merger trees is set to be 1.0 × 106M⊙
, which is the typical mass of mini-halos that may be
important for primordial star formation at high redshift
z ∼ 20. According to the current constraints on the
MW halo mass (e.g., Boylan-Kolchin et al. 2013 and
references therein), i.e., 1 − 2 × 1012M⊙, we obtain the
merger trees for halos with the present-day mass Mhalo
of 1.0× 1012 and 2.0× 1012M⊙, respectively.
The semi-analytical galaxy formation model in this
study is based on GALFORM (Cole et al. 2000;
Benson et al. 2003; Bower et al. 2006), but with several
modifications. As demonstrated by Cole et al. (2000),
Kauffmann et al. (1993), Somerville & Primack (1999),
Croton et al. (2006), and Bower et al. (2006), the semi-
analytical models can successfully reproduce a number
of observations on the statistical distributions of galaxy
properties, including the galaxy luminosity function, the
stellar mass function, etc. Some constraints on the pa-
rameters involving in the semi-analytical model have
been obtained by using those observations; however,
there are still large degeneracies among those parameters
as suggested by recent studies exploring the parameter
space of the semi-analytical galaxy formation model (e.g.,
Lu et al. 2011, 2012; Bower et al. 2010). The metallicity
properties studied in our study may also put some con-
straints on the model parameters, especially those char-
acterized SN feedback, the reionization of the universe,
molecular cooling in the early universe. We vary the
model parameters involving in these several processes to
check the effects of those parameters on the metallicity
properties of the MW dwarfs.
The related recipes, e.g., on SN feedback, reionization,
and molecular hydrogen cooling, are summarized below.
For each set of the recipe parameters, we generate 100
merger trees and apply the semi-analytical recipes to
them. The various related baryonic processes (e.g., star
formation, chemical enrichment, and galaxy mergers) are
calculated in a time step ∆t ∼ 106yr. From the obtained
present-day galaxies, we select the MW-like hosts for the
study of their satellites. The MW-like hosts are selected
by the criteria that the total stellar mass of a present-
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Fig. 1.— An example of the cumulative luminosity functions
of the dwarf satellites of the MW-like galaxies obtained from our
models. The y-axis represent the number of the satellites with
absolute magnitude brighter than MV . The seven blue solid lines
are the simulation results of the first parameter set listed in Table 1,
and each line is for one MW-like host galaxy. The green line shows
the observational result for 27 MW satellites (McConnachie 2012),
and the red one is the result after doing the searching volume
correction (Koposov et al. 2008; see also Tollerud et al. 2008). Our
simulation results generally reproduce the observational luminosity
function of the MW dwarf satellites.
day host galaxy is in the range of 4 − 6 × 1010M⊙ and
its bulge mass-to-disk mass ratio is between 0.1 and 0.4.
Along the assembling history of the MW-sized halo, a
satellite of the present-day MW galaxy was a host galaxy
of a small halo at an early time before it fell into a big
halo. An example of the dwarf satellite luminosity func-
tion obtained from our models is illustrated in Figure 1.
As seen from Table 1 to be listed in Section 3 below, for
some recipe parameter sets, the models fail to generate
the MW-like host galaxy. In these cases, we just choose
randomly 10 results of the corresponding parameter set
to illustrate the effects of the baryonic processes.
• The reionization of the universe: the reionization
in the early universe reduces the baryon fraction of
a dark matter halo. During the reionization epoch,
the intergalactic medium (IGM) heats up with in-
creasing pressure, which can suppress the collapse
of the IGM onto dark matter halos, and the gas
that was previously in a dark matter halo can also
evaporate out of the halo. The extent of the re-
duction in the baryon fraction of a dark matter
halo depends on the halo gravitational potential
or roughly the halo mass. The dependence is mod-
eled through a mass scale called the ‘filtering mass’
(MF) as follows,
fb =
1
[1 + (21/3 − 1)MF/Mhalo]3
(1)
where fb is the ratio of the baryon fraction in a halo
with massMhalo to the cosmic average baryon frac-
tion, and MF is a function of redshift, as well as a
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function of the completion redshift and the dura-
tion of the reionization process. A halo with mass
Mhalo < MF loses more than 50% of baryonic mat-
ter expected by the cosmic average. In this paper,
we use Equations (B1) and (B2) in Kravtsov et al.
(2004) (see also Gnedin 2000; Okamoto et al. 2008)
to calculate MF and model the effects of the reion-
ization. This reionization recipe for MF is charac-
terized by two parameters: z0, the redshift that the
first ionized bubble formed, and zr, the completion
redshift of the reionization.
Two sets of the reionization parameters are used
in our model, i.e., (z0, zr) = (15, 10) and (10, 7).
Observations on the highest redshift QSOs sug-
gest that the reionization process is completed
at redshift z ∼ 6 − 7 (e.g., Becker et al. 2001;
Mortlock et al. 2011), and the polarized cosmic mi-
crowave background radiation detected by WMAP
and PLANCK suggests that the universe proba-
bly began to be reionized at redshift z & 10 (e.g.,
Hinshaw et al. 2013; Planck Collaboration et al.
2013). According to these observations, the reion-
ization model set by (z0, zr) = (10, 7), suggested by
Kravtsov et al. (2004), may represent a case close
to or slightly later than the cosmic average reion-
ization epoch of the real universe, and the other
model set by (z0, zr) = (15, 10) may represent a
case a little earlier than the cosmic average of the
real universe. Hereafter, we refer the former case as
‘weak reionization’ (or ‘late reionization’) and the
latter case as ‘strong reionization’ (or ‘early reion-
ization’). Note that Font et al. (2011) also adopt
(z0, zr) = (15, 10) as a ‘strong reionization’ sce-
nario and suggest that the contribution from local
sources may lead to an earlier reionization of the
local patch compared with the cosmic average.
• Molecular hydrogen cooling: we model the molecu-
lar hydrogen cooling process occurred in the early
universe by using Equations (21)–(29) in Benson
(2010) (see also Galli & Palla 1998) and we do
not allow any molecular hydrogen cooling after the
completeness of the reionization, because the abun-
dance of hydrogen molecules would be significantly
suppressed by the strong UV background.
• Cooling of hot halo gas: The gas cooling recipe of
the GALFORM is modified in this work. The cool-
ing recipe in Cole et al. (2000) is likely to underesti-
mate the amount of cooling gas in a halo, where the
gas reheated by SNe is assumed not to participate
into the cooling process until the dark matter halo
doubles its mass along the merger trees. The cool-
ing recipe in Bower et al. (2006) improves this but
possibly overestimates the amount of cooling, and
this model has to adopt an extremely strong SN
feedback (e.g., vhot = 485 km s
−1 and αhot = 3.2
in Eq. 3 below) to balance the overestimated cool-
ing amount and reproduce the observational galaxy
luminosity function. Benson & Bower (2010) fur-
ther modify the cooling recipe by continuously up-
dating estimate of cooling time and halo proper-
ties at each timestep. The model result of this
update can match the observational galaxy lumi-
nosity function, but the gas phase metallicity is
underestimated for relatively low-luminosity galax-
ies, where SN feedback is argued to be the main
driver for the relation between the galaxy luminos-
ity and the gas phase metallicity and the adopted
strength is still high (with vhot ∼ 328 or 358 km s
−1
and αhot = 3.36; see Table 5 therein); and thus
the cooling rate is likely to be still overestimated.
In this work, we employ a cooling recipe some-
what between the recipes in Cole et al. (2000) and
Bower et al. (2006). This modified recipe is de-
tailed in the Appendix.
• SN feedback efficiency: SN feedback reheats the
cold gas in a galaxy, expels it out of the galaxy, and
enriches the metallicity in the halo gas. Following
Cole et al. (2000), we use the formula
dMreheat = βψdt (2)
β = (vdisk/vhot)
−αhot (3)
to estimate the amount of cold gas expelled from
a galaxy by SNe II, where dMreheat is the mass of
the gas reheated by SN feedback during time in-
terval dt, ψ is the star formation rate, β is the SN
feedback efficiency, vdisk is the circular velocity of
the galaxy disk, and αhot and vhot are two parame-
ters defining the strength of the feedback. We call
Equation (3) the SN feedback efficiency scaling law.
Once the SN explosion energy is sufficiently high,
all the reheated gas may be expelled out of the
galaxy if the following energy condition is satisfied,
i.e.,
dESN −
1
2
v2virdMreheat ≥ 0, (4)
where dESN = ǫhalo ×
1
2v
2
SNψdt is the total energy
released by SNe II and coupling to the IGM dur-
ing time dt, vvir is the virial velocity of the halo,
1
2v
2
SN is the total energy released per unit mass by
SNe with vSN = 630 km s
−1 for the Chabrier IMF
(Chabrier 2003), and ǫhalo = 0.05 is the fraction of
the energy that couples to the cold gas in the disk
(e.g., Li et al. 2010). If the energy condition (In-
equality 4) is satisfied, the reheated gas can either
be ejected into the dark matter halo or even escape
out of the halo, with masses approximated by
dMoutflow
=min
(
dESN −
1
2v
2
virdMreheat
1
2v
2
vir
, dMreheat
)
, (5)
and
dMstay = dMreheat − dMoutflow, (6)
where dMoutflow is the mass of the gas running out
of the halo during time dt and dMstay is the mass
of the reheated gas staying in the halo. We assume
that the outflow returns to the halo on a halo dy-
namical time scale (τhalo ≡ rvir/vvir, where rvir is
the halo virial radius) as
dMback =
Moutflow
τhalo
dt. (7)
5If the supernova explosion is energetic enough to
expel all the reheated gas out of the dark mat-
ter halo, i.e., (dESN −
1
2v
2
virdMreheat)/(
1
2v
2
vir) >
dMreheat in Equation (5), Equations (5) and (6)
reduce to
dMoutflow = dMreheat, (8)
dMstay = 0. (9)
If the energy condition is not satisfied, we use
dMoutflow = 0, (10)
dMstay = dESN/(
1
2
v2vir), (11)
to determine the masses of the gas that goes out of
the halo and stays in the halo, which is equivalent
to replace the SN feedback scaling law with
β = βE≡dESN/(
1
2
v2virψdt) = ǫhalo(vvir/vSN)
−2 (12)
in Equation (2) above. Equation (12) represents
the supernova feedback efficiency limit set by the
energy condition.
Figure 2 shows the relation between the SN feed-
back efficiency given by the scaling law and the
limit set by the energy condition. The solid lines
with different symbols show the feedback efficiency
given by the scaling law with different values of vhot
and αhot. Specifically, the solid line without sym-
bols indicates the efficiency for the fiducial model
(vhot = 200 km s
−1 and αhot=3.2, see the fiducial
model defined below in Section 3). The dashed
line gives the SN feedback efficiency limit set by
the energy condition (Inequality 4); and the feed-
back efficiency is allowed by the energy condition
in the region below the dashed line, while not al-
lowed in the shaded region above. In the shaded
region, Equations (10) and (11) are applied. The
dotted line indicates the efficiency below which all
the reheated gas is ejected out of the halo, where
Equations (8) and (9) are applied. The dashed and
the dotted lines are drawn under the assumption
vvir = vdisk, and the deviation from the assump-
tion is somewhat significant only at low velocities.
The region between the dotted line and the dashed
line have dMoutflow > 0 and dMstay > 0, described
by Equations (5) and (6).
As mentioned before, along the assembling history
of the MW-like halo, a satellite of the present-day
MW may be a host galaxy of a small isolated halo
before it falls into a big halo at an early time. We
apply the above energy condition only to a galaxy
before it becomes a satellite. We do not apply it to
satellites, but assume that the reheated gas from
satellites (with mass expected by Eqs. 2 and 3) is
expelled into the big host halo, as the original halos
of the satellites are largely tidally disrupted along
their motion in the big host halo, and the tidal
field induced by the big host halo also helps to keep
those expelled materials out of the satellites.
• Metallicity production: In this work, the Fe yield of
SNe II is adopted from tables 2–3 in Nomoto et al.
vdisk (km/s)
β
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Fig. 2.— The SN feedback efficiency β given by the feedback
scaling law as a function of vdisk and the limit set by the energy
condition. The solid lines represent the feedback scaling laws with
different values of vhot and αhot, and specifically, the solid line
without symbols is for the fiducial model with vhot = 200 km s
−1
and αhot = 3.2. The dashed line represents the limit set by the
energy condition. The feedback efficiency β (Eq. 3) is allowed by
the energy condition in the region below the dashed line, while
not allowed in the gray shaded region above it. The dotted line
indicates the feedback efficiency below which all the reheated gas
would be ejected out of the halo. The dashed and the dotted lines
are drawn under the assumption vdisk = vvir, which is a plausible
assumption in general; and the efficiency limits may scatter around
the lines due to the scatter of vvir around vdisk.
(2006), and the Fe yield of SNe Ia is from
Iwamoto et al. (1999). The metals ejected by SNe
are assumed to be homogeneously and instanta-
neously mixed with the interstellar medium in the
galaxy; and after the mixture, some metals can be
ejected out of the galaxy along with the mixed in-
terstellar medium that is ejected out by SN explo-
sions.
• Chemical enrichment due to SN Ia explosions: The
feedback due to SN Ia explosions is explicitly in-
cluded in this work. We assume that the energy
released by a SN II explosion and a SN Ia explo-
sion is the same. We use the same feedback recipe
for them (Eqs. 2–11), but include the non-negligible
time delay between the formation of SN Ia progen-
itors and the SN Ia explosions. In the model, the
number of SN Ia explosions within a time inter-
val ∆t which begins at a given time t, denoted by
NIa(t), is given by
NIa(t)=
∫ t+∆t
t
dt′′
∫ t′′
0
RIa(t
′′ − t′)ψ(t′)dt′,
≃∆t×
∫ t
0
RIa(t− t
′)ψ(t′)dt′, (13)
where t′′ − t′ is the stellar population age, RIa
is the SN Ia explosion rate as a function of the
time delay and in units of number per time per
mass (e.g., Gyr−1M⊙
−1), and ∆t ∼ 106 yr is small
enough compared to the time delay of SNe Ia ex-
plosion assumed below. According to the obser-
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vational SN Ia rate RIa reported by Maoz et al.
(2010), a time delay of 0.1Gyr is assumed to gen-
erate SN Ia since the formation of a stellar popu-
lation, and the number of the generated SNe de-
creases with increasing age of this population as a
power law. Nagashima et al. (2005a,b) also con-
sidered the chemical enrichment due to SN Ia ex-
plosions in their semi-analytical galaxy formation
model, where the star formation history of a galaxy
is re-binned into 30 rough time bins to obtain the
convolution integral of Equation (13). In this work,
we still use the star formation history obtained with
small timesteps ∆t, but approximate the power-
law decline of the SN Ia explosion rate as a combi-
nation of the linear functions and the exponential
function, which can expedite the calculation of the
convolution integral and obtain NIa(t) recursively
and efficiently in each timestep. The method to
calculate the SN Ia explosion rate is detailed be-
low.
We approximate the power-law rate into 6 contin-
uous linear segments when the stellar population
age τ is between 0.1 and 2Gyr. The i-th seg-
ment approximates the power-law rate when τ is
from τi−1 to τi (i = 1, 2, ..., 6), with τ0 = 0.1Gyr
and τ6 = 2Gyr. When the stellar population age
is older than 2Gyr, we approximate the power-
law rate by an exponential tail CIa exp(c0t
′), where
CIa is a normalization factor and c0 is a param-
eter, and we adopt CIa = 5 × 10
−4Gyr−1M⊙
−1.
Note that Maoz et al. (2010) report CIa = 1 ×
10−3Gyr−1M⊙
−1, and Kirby et al. (2011b) men-
tion that the observations in Maoz et al. (2010) can
easily be consistent with half of that value. The
parameter c0 is fixed by requiring the exponential
tail and the sixth segment give the same value at
τ = 2Gyr. The relative error in RIa caused by
the approximation described above is about 0.15%.
With the approximation, we have the following re-
cursive formulas for NIa, with which the computa-
tional complexity is significantly reduced,
NIa(t+∆t)=NIa(t) +
6∑
i=1
ki∆t
2Mi(t+∆t)
+ (k1τ0 + b1)ψ(t− τ0 +∆t)∆t
2
+Nexp(t+∆t)−Nexp(t),
(14)
where ki and bi are the slope and intercept of the
i-th linear segment of the approximated SN Ia ex-
plosion rate, respectively, and
Mi(t+∆t)=Mi(t)− ψ(t− τi +∆t)∆t
+ψ(t− τi−1 +∆t)∆t, (15)
Nexp(t+∆t)=Nexp(t) exp(c0∆t)
+ψ(t− τ6 +∆t)CIa exp(c0τ6)∆t
2,
(16)
Mi(0)=0,
Nexp(0)=0,
are used to define and calculate Mi (i = 1, 2, ..., 6)
and Nexp.
Note that tidal disruption of the original halo of a
satellite after its infalling into a big host halo is in-
cluded when considering the effect of SN feedback, as
mentioned above; but we ignore the tidal stripping and
disruption of its stellar and cold gas components in our
model. Compared with the original halo size of the satel-
lite, the stellar and cold gas components are located in
a smaller central region of the halo, which should be af-
fected less by tidal effects from the big host halo. In
addition, Starkenburg et al. (2013) show that the tidal
stripping and disruption of satellites have a small effect
on the satellite total luminosity function.
3. RESULTS
In this section, we try different recipe parameters for
the processes of the supernova feedback, the reionization
of the universe, and the molecular hydrogen cooling. The
different sets of the parameters are listed in Table 1. We
find one set of parameters that can reproduce some ob-
servational properties of the MW dwarfs better than the
others, including the satellite luminosity function, their
luminosity/stellar mass versus stellar metallicity corre-
lation, and the metallicity distributions of the classical
dSphs, as well as the host galaxy properties (stellar mass,
bulge-to-disk mass ratio); and we denote the model with
this set of parameters by ‘the fiducial model’ and list
it as the first parameter set in Table 1. Comparison of
the results obtained with the other different parameter
sets helps us to investigate the effects of the physical
processes. We present our model results on the stellar
mass versus stellar metallicity correlations of the dwarfs
in Section 3.1 and the stellar metallicity distribution in
individual dwarfs in Section 3.2.
We find that the chemical properties of the satellites
obtained from Mhalo = 1 × 10
12 and 2 × 1012M⊙ do
not differ much, so below we only show the results of
Mhalo = 2× 10
12M⊙ for brevity.
3.1. The stellar mass – metallicity correlation
Figure 3 shows the stellar metallicity versus luminosity
correlation of the dwarfs generated by the fiducial model,
as well as the observational results (Kirby et al. 2011a;
Martin et al. 2008; Helmi et al. 2006; van den Bergh
2000). As seen from Table 1, 7 individual simulations can
generate a MW-like host galaxy, and the first 7 panels in
Figure 3 show each result of the individual simulations.
The last panel shows the results of these simulations to-
gether. In each of the first seven panels, the red line
shows the best fit to the simulation results by using the
least squares method; α is the best-fit slope, and b[Fe/H] is
the best-fit intercept at log(LV/LV,⊙) = 0. The red line
in the last panel shows the statistical average of the best-
fits in the first 7 panels, and the parameters labeled rep-
resent the statistical mean and standard deviation of the
7 best-fit slopes and intercepts. The fiducial model repro-
duces the observations well. While the stellar metallic-
ity – luminosity correlation is convenient for comparison
with observations, in this work we use the stellar mass –
metallicity correlation of the dwarfs obtained from simu-
lations to study the effects of supernova feedback, reion-
ization, and molecular hydrogen cooling, as the physical
processes affect the star formation histories of the dwarfs
7TABLE 1
The parameter sets used in the paper
vhot( km s
−1) αhot z0 zr Mhalo(M⊙) H2 cooling MW-like galaxies
200 3.2 15 10 2× 1012 on 7
400 3.2 15 10
2× 1012
on 0
100 3.2 15 10 on 0
50 3.2 15 10 on 0
200 4.0 15 10 on 9
200 2.0 15 10 on 18
200 3.2 10 7 on 8
200 3.2 15 10 off 9
400 3.2 15 10
1× 1012
on 0
100 3.2 15 10 on 12
50 3.2 15 10 on 13
200 4.0 15 10 on 9
200 2.0 15 10 on 10
200 3.2 10 7 on 17
200 3.2 15 10 off 7
Note. — The first parameter set is for the fiducial model. The vhot and αhot are the parameters in the feedback scaling law, z0 and
zr represent the beginning and completion redshifts of the reionization, Mhalo is the present-day halo mass, the “on” and “off” represent
whether the process of the molecular hydrogen cooling in the early universe is switched on or not. For each parameter set, we construct
100 merger trees and obtain 100 central galaxies, and the last column gives the number of the central galaxies that are MW-like.
directly. The faintest satellite in the observation sam-
ple shown in Figure 3 has log(LV/LV,⊙) = 3.6 ± 0.2,
and in our simulations the satellites with this luminos-
ity roughly have stellar masses ∼ 104M⊙. Thus in our
study of the stellar mass – metallicity correlations below,
we adopt 104M⊙ as the cut-off mass at the low-mass end
of the satellites.
We show the dependence of the stellar mass – metal-
licity correlation on the SN feedback parameters, the
reionization, and molecular hydrogen cooling below in
Sections 3.1.1–3.1.3.
3.1.1. Dependence on SN feedback
We study the dependence of the stellar mass – stellar
metallicity correlation on SN feedback through its depen-
dence on the parameters (vhot, αhot).
Figure 4 shows the stellar mass – stellar metallicity
correlations obtained from the models with different val-
ues of vhot in different panels. Each panel shows the
combined results of the corresponding simulations to-
gether, as the last panel of Figure 3 does. As seen
from Figure 4, the models with vhot = 200 km s
−1 and
vhot = 400 km s
−1 provide almost the same slope. The
model with vhot = 100 km s
−1 gives a steeper slope, but
the metallicities of the low-mass systems (with satel-
lites mass about several times 104M⊙) are almost not
changed. The result of the model with vhot = 50 km s
−1
cannot be fit well with a single power law, and a turn-
off of the correlation appears at about 107M⊙; and the
metallicities of the satellites in the whole mass range,
i.e. from 104M⊙ to 10
10M⊙, are all higher than those
predicted by the fiducial model.
The above dependence on vhot can be understood as
the results of the combination of the feedback efficiency
scaling with vhot as a power law (Eqs. 2 and 3) and the en-
ergy condition that is expressed by Inequality (4), which
can be seen from Figure 2.
• In the models with vhot = 200 km s
−1 and
400 km s−1, as seen from Figure 2, the lines for the
fiducial model (solid line) and for the model with
vhot = 400 km s
−1 (with cross symbols) are all in
the gray shaded region, which means the feedback
efficiency given by the feedback scaling laws is too
strong to be allowed by the energy condition. In
these systems the effects of the feedback are deter-
mined by Equations (10) and (11), independent of
the exact value of vhot; so these two models predict
almost the same correlation. Due to the strangu-
lation of the hot gas in satellites and the strong
feedback used in these models, the correlation is
generally shaped before the galaxies become satel-
lites.
• In the model with vhot = 100 km s
−1, this feed-
back efficiency given by the feedback scaling law
is allowed by the energy condition in the relatively
massive systems, but forbidden in the least mas-
sive system with masses about 104M⊙. As can be
seen from Figure 2, the line for vhot = 100 km s
−1
(with circle symbols) is below the shaded region
at vdisk & 50 km s
−1, while it is located within the
shaded region at smaller vdisk. In the least mas-
sive systems located within the shaded region, the
feedback is still determined by the energy condi-
tion, and the effects of the feedback is the same
as that in the models with vhot = 200 km s
−1 and
400 km s−1, and so their metallicities are fairly not
changed. But for the relatively massive systems
located below the shaded region, the feedback ef-
ficiency is smaller than that given by the dashed
line and thus results in more efficient metal enrich-
ment in the disks, which increases the slope of the
correlation.
• In the model with vhot = 50 km s
−1, the feed-
back efficiency predicted by the scaling law is much
smaller than that in the fiducial model, and it is al-
lowed by the energy condition in most of the mass
range considered here (104 − 1010M⊙). As shown
in Figure 2, the line for vhot = 50 km s
−1 (with di-
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Fig. 3.— The stellar metallicity – luminosity correlations of the satellites of the MW-like galaxies. In the first seven panels, the blue dots
represent the satellites from the simulations. The green dots and their error bars are the data from the observations (Kirby et al. 2011a
for Fornax, Leo I, Sculptor, Leo II, Sextans, Draco, CVn I, Ursa Minor, Leo T, Hercules, Ursa Major I, Leo IV, CVn II, Ursa Major II,
ComB, and Martin et al. 2008 for Bootes I, Helmi et al. 2006 for Carina, and van den Bergh 2000 for the Large Magellanic Cloud and the
Small Magellanic Cloud). In the first seven panels, the red lines are the best linear fits to the simulations, where α is the best fit slope
and b[Fe/H] is the best-fit intercept at log(LV/LV,⊙) = 0; and that in the last panel shows the statistical average of the results shown in
the first seven panels. The parameters labeled in the last panel represent the statistical mean and standard deviation of the seven best-fit
slopes and intercepts.
amond symbols) is mostly below the shaded region
(at vdisk & 10 km s
−1). The relatively low feedback
efficiency results in more efficient metal enrichment
in the disks, and thus the correlation shifts upwards
along the metallicity compared with that obtained
from the fiducial model. The slope in the feedback
efficiency (−3.2) is steeper than the slope of the
dashed line (−2), thus the obtained slope at the
low masses of the correlation is steeper than that
obtained from the fiducial model. Note that the
linear correlation is broken at M∗ ∼ 10
7M⊙ and
the slope becomes flatter above this mass. This
is because that in this model the satellites above
107M⊙ have circular velocities& 50 km s
−1 and SN
feedback is ineffective with β . 1 in these systems.
Thus, the metals generated by stars are mostly left
in the galaxies, and so the total mass of metals in
a galaxy is close to the the metal yield.
Note that the satellites with stellar masses about
several times 107M⊙ have circular velocities ∼
30 km s−1 (with β ≫ 1) in the fiducial model but
which rise to ∼ 50 km s−1 (with β ∼ 1) in the model
with vhot = 50 km s
−1. This is because with weaker
feedback, the galaxies with a given mass tend to
form in smaller halos. The reason that a galaxy
with a given stellar mass has a higher circular ve-
locity in a smaller halo can be understood as fol-
lows. Considering
jH =
GλHM
3/2
H
|EH|1/2
(17)
and
EH = −
GM2H
2rvir
, (18)
where jH is the halo specific angular momentum,
λH is the halo spin parameter (following a log-
normal distribution with mean value of lnλH 0.039
and its dispersion 0.53, see Cole & Lacey 1996;
Lemson & Kauffmann 1999; Bett et al. 2007), MH
is the mass of the dark matter halo, EH is the total
energy of the halo, and rvir is the virial radius of
the dark matter halo, one has
jd ∼ jH ∝ λH
√
GMHrvir, (19)
where jd is the specific angular momentum of the
disk, and so if a galaxy forms in a smaller halo
it has lower specific angular momentum. Further
considering
jd ∝ rdvd ∝
√
GMgalrd, (20)
then one concludes that with a smaller jH, and a
given galaxy massMgal, the size of the galaxy rd is
smaller and the circular velocity vd ∼
√
GMgal/rd
is larger.
Figure 5 shows the stellar mass – metallicity correla-
tions of models with different values of αhot. As seen from
the figure, the models with αhot = 4.0 and αhot = 3.2 give
the same correlation, with the same slope, intercept, and
scatter. The model with αhot = 2.0 provides a corre-
lation with the same slope as the previous two, though
with a little higher intercept and smaller scatter.
The similarity in the correlations obtained with the dif-
ferent values of αhot can be understood from Figure 2. As
seen from the figure, all the lines with αhot = 4.0, 3.2, 2.0
and vhot = 200 km s
−1 are located in the shaded region,
where the feedback predicted by the scaling law is too
strong so that the effects of the feedback is largely deter-
mined by the energy condition and produces almost the
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Fig. 4.— The stellar mass – metallicity correlations obtained from models with different vhot. The blue dots are the simulation results
and the red lines are the linear fits. The value of vhot, the mean and the standard deviation of the slope of the linear fit α and its intercept
b[Fe/H] at log(M∗/M⊙) = 0 are shown in each panel. The parameters different from vhot all have the same values as those for the fiducial
model. As seen from the figure, the distribution range of the blue dots are almost the same when vhot > 100 km s
−1 (top panels), as the
SN feedback efficiency in these models is limited by the energy condition (see Eq. 4 and Fig. 2); and it becomes different for smaller vhot
with lower SN feedback efficiency (bottom panels). The scatter in the star formation durations and the chemical enrichment caused by
SNe Ia contribute significantly to the large scatter of the correlations at the low-mass end. See details in Section 3.1.1.
same correlation. In Figure 2, the line with αhot = 2.0
and vhot = 200 km s
−1 is close to the boundary of the
shaded region, and considering that vvir = vdisk is only
an approximation for drawing the dashed line, it is likely
that in some cases the feedback efficiency given by the
scaling law with αhot = 2.0 and vhot = 200 km s
−1 is
weaker than the limit constrained by the energy condi-
tion, thus the metal enrichment in the stars is enhanced
compared to that constrained by the energy condition.
This enhancement can be seen from the slightly higher in-
tercept of the correlation shown in the panel with α = 2.0
in Figure 5.
As seen from the Figures 4 and 5, the scatter of the sim-
ulated correlation is generally large at the low-mass end.
The large scatter at the low-mass end is caused mainly
through the scatter in the star formation durations of
the galaxies at a given stellar mass and the difference in
the chemical enrichment of SNe Ia and II. If the dura-
tion is short, the metal enrichment is mainly contributed
by SN II explosion, which has a chemical pattern with a
relatively low iron fraction; while if the duration is long
enough, SNe Ia may have a non-negligible contribution to
the metal enrichment and generate more iron than SNe
II. Thus a short star formation duration would lead to a
low [Fe/H], while a longer one leads to a higher [Fe/H],
which causes a dispersion in the stellar metallicities of the
satellites at a given stellar mass. Recent observations by
Vargas et al. (2013) also suggests the importance of SN
Ia enrichment in some MW ultra-faint dwarf satellites by
their alpha element abundance. Note that the dispersion
of the high-mass systems is not that large, as they all ex-
perience extended star formation durations. The model
with vhot = 50 km s
−1 in Figure 4 shows a relatively large
scatter for the relatively high-mass systems, which is be-
cause the SN feedback is not effective enough in that
model and the scatter of the simulated present-day gas
fractions at a given stellar mass can be large.
3.1.2. Effects of the reionization of the universe
Figure 6 shows the stellar mass – metallicity correla-
tions obtained in the models with strong and weak reion-
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Fig. 5.— The stellar metallicity – stellar mass correlations obtained from models with different αhot. All other parameters are the same
as those in the fiducial model. The line and the points have the same meaning as those in Figure 4. The models with different αhot give
the almost similar results, although the model with αhot = 2.0 (bottom panel) shows a slightly higher iron fraction (or a higher best-fit
intercept) and a smaller scatter at the low-mass end. The SN feedback efficiency in these models is mostly limited by the energy condition
(see Eq. 4 and Fig. 2), although there could be some exceptions for the model with αhot = 2.0. See details in Section 3.1.1.
ization. As seen from the figure, the weak reionization
model results in a steeper slope with α ≃ 0.45, in contrast
with α ≃ 0.33 given by the strong reionization model.
The difference can be understood through the following
points.
• Compared to weak reionization, the strong reion-
ization can heat up the IGM with increasing pres-
sure and also evaporate relatively more gas from a
given halo, and thus less gas in the halo cools to
form a galaxy. Thus given a galaxy mass, the halo
where the galaxy forms is likely to be less mas-
sive in the weak reionization model than that in
the strong reionization model. According to Equa-
tions (19) and (20), the decrease of the halo mass in
the weak reionization model decreases the specific
angular momentum of the galaxy disk, and thus
the size of the formed disk is smaller with larger
circular velocity, which would increase the star for-
mation rate and shorten the star formation dura-
tion. As mentioned in Section 3.1.1, the shortening
of the star formation duration would decrease the
metallicities of the dwarfs.
• For the low-mass systems, the SN feedback effi-
ciency is determined by the limit from the en-
ergy condition, as mentioned before. As vvir =√
GMH/rvir ∝
√
GMH/M
1/3
H ∝ M
1/3
H , a smaller
halo mass has a smaller virial velocity and leads to
a stronger feedback efficiency, which also decreases
the metallicities of the dwarfs.
• Note that the reionization only affects low-mass
halos strongly. Figure 7 shows the results of the
strong and the weak reionization models together,
where the correlations obtained from the two reion-
ization models become the same above some mass
(∼ 4× 106M⊙).
3.1.3. Effects of molecular hydrogen cooling
Figure 8 shows the correlations obtained from the mod-
els with and without including the H2 cooling in the
early universe. As seen from the figure, these correla-
tions are almost the same, insensitive to the molecular
hydrogen cooling process. The reason is that molecu-
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Fig. 6.— The stellar metallicity – stellar mass correlations of the MW dwarfs obtained from models with different reionization strength.
The left panel gives the result of the fiducial model; and the right panel shows the result for the model with all other parameters, except
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Fig. 7.— Comparison of the stellar mass – metallicity correlations
obtained from the different reionization models. The blue dots are
the results of the weak reionization model, and the green dots are
obtained from the strong reionization model. As seen from the
figure, the change of the reionization strength mainly affects the
metallicity of the low-mass galaxies at M∗ . 4 × 106 M⊙. See
details in Section 3.1.2.
lar hydrogen cooling can only occur before the comple-
tion of the reionization when the UV background is not
too strong, and it can be important only for small halos
where the atomic cooling of gas is not effective; thus the
stars formed through the cold gas cooled by molecular
hydrogen cooling are only a very small part (< 5%) of
the final stellar populations of a given satellite, which
cannot affect the average stellar metallicity.
For view clarity, a summary of all the best-fit lines for
the stellar mass –metallicity correlations obtained from
the models shown in Figures 4–8 is given in Figure 9.
3.2. The metallicity distribution of individual satellites
Figure 10 shows the metallicity distributions of the
satellites generated by the fiducial model. The simu-
lated satellites are classified according to their luminosi-
ties. The simulation results are shown in blue curves,
and the red histograms in all the panels and the green
histograms in the bottom panels represent the observa-
tional results in Kirby et al. (2011a). The five panels rep-
resent different V -band magnitude bins. From left top
to right bottom, the five bins are classified as Fornax-
like (−13.5 < MV ≤ −12.5), Leo I-like (−12.5 < MV ≤
−11.5), Sculptor-like (−11.5 < MV ≤ −10.5), Leo II
and Sextans-like (−10.0 < MV ≤ −9.2) and Ursa Mi-
nor and Draco-like (−9.2 < MV ≤ −8.5), respectively.
In general, our simulations reproduce the observations,
except for the high-metallicity peak of Fornax and the
double peaks of Sculptor. However, there are also some
observations supporting that Fornax has a lower metal-
licity, e.g., the peak being at [Fe/H]∼ −1.3 in the photo-
metric metallicity distribution of Stetson et al. (1998),
which agrees with the simulation results better. Re-
cent observation by Hendricks et al. (2014) also gives a
lower average metallicity for Fornax (green histogram in
the top ‘Fornax-like’ panel), but it is still higher than
our simulation result. For Sculptor, currently it is the
only satellite showing a double-peaked metallicity dis-
tribution, so it is possible that this distribution comes
from a special formation history which is too rare to be
realized in the about 10 MW-like hosts. In addition,
the observational metallicity distribution of Sculptor re-
ported in de Boer et al. (2012) has only one peak (see
also Helmi et al. 2006), as shown by the green diagram
in the top ‘Scupltor-like’ panel, which leads to a better
agreement with our simulation results; even if the obser-
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Fig. 8.— The stellar mass – metallicity correlations obtained from models with including H2 cooling (on) and excluding it (off). All the
other parameters are the same as those in the fiducial model. The line and the points have the same meaning as those in Figure 4. The
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Fig. 9.— A summary of all the best-fit lines for the stellar mass – metallicity correlations obtained from the models shown in Figures 4–
8. The model parameters are labeled in the panel. The best-fit lines of some model parameter sets [(vhot, αhot) = (400 kms
−1, 3.2),
(vhot, αhot) = (200 km s
−1, 4.0), and the one with excluding H2 cooling] are hard to distinguished from that of the fiducial model visually,
and we use the result of the fiducial model (thick solid line) to represent all of them.
vational double-peaked distribution is true, the simula-
tion result still captures some basic observational chem-
ical characteristics of Sculptor, as they are in the same
metallicity range in Figure 10.
We introduce the following three quantities to charac-
terize the metallicity distributions quantitatively.
• The first one is the corresponding [Fe/H] value at
the peak of a metallicity distribution.
• The second one is based on the so-called linear
metallicity dispersion, σ(Z), which is defined by
(cf., Leaman 2010)
σ(Z) ≡
[∫
(Z − Z¯)2P (Z)dZ
]1/2
, (21)
where Z ≡ 10[Fe/H], P (Z) is the metallicity distri-
bution and P (Z)dZ represents the mass fraction of
the stars with metallicity in the range Z → Z+dZ,
and
Z¯ ≡
∫
ZP (Z)dZ. (22)
The quantity of σ(Z) mainly evaluates the exten-
sion of the metal-rich tail of a metallicity distri-
bution, because Z gives a relatively large weight
to metal-rich stars for calculating σ(Z). As σ(Z)
would be larger with larger Z¯, we employ the rela-
tive dispersion, σ(Z)/Z¯, to represent the intrinsic
extension of the metal-rich tails.
13
−4 −3 −2 −1 0 1
0
0.05
0.1
0.15
0.2
0.25
0.3
[Fe/H]
m
a
ss
fr
a
ct
io
n
Fornax-like
−4 −3 −2 −1 0 1
0
0.05
0.1
0.15
0.2
0.25
0.3
[Fe/H]
m
a
ss
fr
a
ct
io
n
Leo I-like
−4 −3 −2 −1 0 1
0
0.05
0.1
0.15
0.2
0.25
0.3
[Fe/H]
m
a
ss
fr
a
ct
io
n
Sculptor-like
−4 −3 −2 −1 0 1
0
0.05
0.1
0.15
0.2
0.25
0.3
[Fe/H]
m
a
ss
fr
a
ct
io
n
Leo II & Sextans-like
−4 −3 −2 −1 0 1
0
0.05
0.1
0.15
0.2
0.25
0.3
[Fe/H]
m
a
ss
fr
a
ct
io
n
Ursa Minor & Draco-like
Fig. 10.— The metallicity distributions of individual satellites. Different panels represent the satellites with different luminosity ranges.
The blue curves represent our simulation results. The red histograms in all the panels and the green histograms in the bottom panels
represent the observational distributions obtained from Kirby et al. (2011a); and the green histograms in the top ‘Fornax-like’ and ‘Sculptor-
like’ panels represent the observational distributions obtained from Hendricks et al. (2014) and de Boer et al. (2012), respectively. The
simulated distributions shown in the figure are obtained by convolving with a Gaussian function to model the observational errors, where
the medians of the errors of the seven classical dSphs shown in Kirby et al. (2011a) is adopted, i.e., 0.12 dex for Fornax-like, Leo I-like, and
Sculptor-like satellites, 0.15 dex for Leo II and Sextans-like satellites, and 0.18 dex for Ursa Minor and Draco-like satellites. Our simulations
roughly reproduce the observational results, except for the distributions in Fornax and Sculptor. See Section 3.2 for more discussion.
• The third one is also based on a dispersion, σ(Z ′),
where Z ′ ≡
√
1/10[Fe/H], defined by the following
equations similar to Equations (21) and (22):
σ(Z ′) ≡
[∫
(Z ′ − Z¯ ′)2P (Z ′)dZ ′
]1/2
(23)
and
Z¯ ′ ≡
∫
Z ′P (Z ′)dZ ′, (24)
where P (Z ′) is the distribution function of Z ′ and
P (Z ′)dZ ′ represents the mass fraction of the stars
with Z ′ in the range Z ′ → Z ′ + dZ ′. The quan-
tity of Z ′ gives a large weight to metal-poor stars
and hence σ(Z ′) mainly represents the extension
of the metal-poor tail of a metallicity distribution.
Because σ(Z ′) would be larger with larger Z¯ ′, we
employ the relative dispersion, σ(Z ′)/Z¯ ′, to repre-
sent the intrinsic extension of the metal-poor tails.
Note that for an appropriate representation of the
metal-poor tails, we are careful in choosing the def-
inition of Z ′, for example, a square root is intro-
duced into the definition to avoid the domination
of the extremely metal-poor stars with [Fe/H]< −5
in the value of Z ′, as the statistics of the extremely
metal-poor stars is uncertain due to possible non-
homogeneous mixing and turbulent dynamics of
gas during their formation processes.
The corresponding [Fe/H] value at the peak of a metallic-
ity distribution is roughly the same as the average [Fe/H]
value, and the behavior of the average has been analyzed
in Section 3.1, so in the following analysis we only focus
on the two relative dispersions, σ(Z)/Z¯ and σ(Z ′)/Z¯ ′,
in Sections 3.2.1 and 3.2.2, respectively.
Figure 11 shows an example of σ(Z)/Z¯ and σ(Z ′)/Z¯ ′
obtained from the fiducial model, in which both the orig-
inal results from the simulations (small colored dots) and
the statistical results (black solid circles and their error
bars) are presented. As seen from the figure, the statis-
tical results represent the general trends of the original
results obtained from the simulations well. For simplic-
ity and clarity, in the following similar figures indicating
σ(Z)/Z¯ and σ(Z ′)/Z¯ ′ (Figs. 12–15), we only show the
statistical results of the solid circles and their error bars,
but omit the original results of the small dots.
3.2.1. Metal-poor tails
We find that the metal-poor tails of the satellites in
most of their stellar mass ranges are mainly constructed
through minor mergers, except for some small satellites
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(with M∗ ∼ 10
3–105M⊙). In general, the metallicity
distribution of any galaxy has a metal-poor tail, and the
stars in the metal-poor tail may come from star forma-
tion in the galaxy itself or from an accreted galaxy. We
define a dispersion ratio of the metal-poor tails and show
the logarithm of the ratio in the right panel of Figure 11
by color scales to indicate the relation of the metal-poor
tail of a satellite with the stars accreted onto it in pre-
vious minor mergers occurred before the progenitor of
the satellite falls into a big halo to become the satellite.
Here the dispersion ratio of the metal-poor tails is defined
by the ratio of σremov(Z
′)/σ(Z ′), where σ(Z ′) is derived
from the stellar metallicity distribution of a present-day
satellite, and σremov(Z
′) is the dispersion of the metal-
poor tail derived from the stellar metallicity distribution
which is obtained by removing the stars accreted onto
the satellite in previous minor mergers. As seen from
the color distribution of the points in the right panel
of the figure, the satellites at most of their stellar mass
ranges have a low dispersion ratio, which indicates that
minor mergers have a significant contribution to their
metal poor tails; and only some small satellites (with
M∗ ∼ 10
3–105M⊙) have a high ratio, which indicates
that the contribution from minor mergers is negligible.
For those with relatively low dispersion ratios, in minor
mergers, the accreted small galaxy usually has a lower
metallicity, and the major part of its stellar population
would appear in the metal-poor tail of the merged galaxy.
In the minor mergers with relatively large mass ratios
(e.g., not significantly lower than the mass ratio crite-
rion 1/3 for minor/major mergers), the mass of the stars
in the accreted small galaxy is usually large than that of
the metal-poor stars in the accreting large galaxy, and
thus the stars in the accreted galaxy would dominate the
properties of the metal-poor stars of the merged galaxy
and hence the quantity of σ(Z ′)/Z¯ ′.
Some tendencies of σ(Z ′)/Z¯ ′ with different satellite
masses are illustrated through the example of σ(Z ′)/Z¯ ′
shown in the right panel of Figure 11.
• The maximum σ(Z ′)/Z¯ ′ declines with increasing
galaxy stellar mass. This can be understood as
follows. Almost all the large σ(Z ′)/Z¯ ′, which form
the upper boundary in Figure 11, are caused by mi-
nor mergers. The galaxies with low stellar masses
usually formed earlier; and at the earlier time, mi-
nor mergers are more likely to have larger mass ra-
tios, e.g. 1/5, and thus the accreted galaxies have
a larger contribution to the metal-poor tails of the
merged galaxy.
• For relatively large satellites (e.g., with stellar
mass above 105.5M⊙), the scatter in the values of
σ(Z ′)/Z¯ ′ is small. For large satellites, their metal-
poor tails are all constructed by minor mergers.
Due to their relatively large stellar mass, it usually
took a long time for them to form, and they would
have accreted many small and metal-poor galaxies
during their formation histories; and thus the prop-
erties of their metal-poor tails are determined by
the sum of the metallicities of those accreted small
galaxies. Although the metallicity of each individ-
ual accreted galaxies could be quite different, their
sum has a relatively smaller scatter according to
the central limit theorem. Furthermore, the aver-
age metallicities of these relatively large galaxies
have a very small scatter as shown in the stellar
metallicity versus stellar mass correlations above.
Hence the scatter of the σ(Z ′)/Z¯ ′ of these rela-
tively large galaxies is small.
• For relatively small satellites (e.g., with stellar
mass below 105.5M⊙), the scatter in the values of
σ(Z ′)/Z¯ ′ is large. For the small satellites, their
formation durations are usually short, and not all
of them have enough time to have experienced a
minor merger. If a galaxy did not experience a mi-
nor merger, then the metal-poor tail is constructed
by the stars formed in itself. Thus the extension of
the metal-poor tail, or equivalently the value of the
σ(Z ′)/Z¯ ′, is correlated to the star formation rate
of this galaxy. With a higher star formation rate,
the σ(Z ′)/Z¯ ′ would be lower, as less metal can in-
volve into star formation and the stars tend to have
the same metallicity. For these small galaxies, they
can be formed with both large and small star for-
mation rate, so the diversity of the σ(Z ′)/Z¯ ′ value
is large.
The dependence of the σ(Z ′)/Z¯ ′ on the parameters
of different physical processes is illustrated in the right
panels of Figures 12–15. As seen from the figures, the
statistical results of σ(Z ′)/Z¯ ′ are not sensitive to the
used feedback parameters and the molecular hydrogen
cooling process.
Figure 14 shows the statistical results of σ(Z ′)/Z¯ ′ for
different reionization models. As seen from the right
panel, σ(Z ′)/Z¯ ′ in the low-mass range 103 − 105M⊙ is
lower in the weak reionization model than that in the
strong reionization model, but σ(Z ′)/Z¯ ′ in the mass
range 106 − 108M⊙ is higher in the weak reionization
model than that in the strong reionization model. The
reason for a lower σ(Z ′)/Z¯ ′ in the low-mass range 103-
− 105M⊙ resulting from the weak reionization model is
that the host halos of those galaxies are smaller and thus
experience fewer mergers than the corresponding ones in
the strong reionization model. Furthermore, smaller ha-
los lead to smaller disk specific angular momenta and
higher star formation rates as mentioned in Section 3.1.
Therefore, the metal-poor tail of a galaxy is weakened in
the weak reionization model compared with that in the
strong reionization model, no matter whether this tail is
formed through minor mergers or star formation in it-
self. For galaxies in the mass range 106 − 108M⊙, their
metal-poor tails have significant contributions from the
accreted smaller galaxies, as mentioned above. Although
the enhancement of the SN feedback strength and the
star formation rate in the small galaxies (103 − 105M⊙)
reduces their stellar metallicities, the different reioniza-
tion models cause limited effects on the average metallic-
ities in larger galaxies (106 − 108M⊙), so the difference
in the metallicities of the larger galaxies and the smaller
accreted galaxies is enhanced by adopting weaker reion-
ization, which prolongs the metal-poor tails of the larger
galaxies.
3.2.2. Metal-rich tails
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Fig. 11.— An example for the relative metallicity dispersions σ(Z)/Z¯ and σ(Z′)/Z¯′ (see definitions in Eqs. 21–24) obtained from the
fiducial model. The small colored dots show the original results from the simulations. The galaxies are further bound into five stellar
mass bins, 103 − 104 M⊙, 104 − 105 M⊙, 105 − 106 M⊙, 106 − 107 M⊙, and 107 − 108 M⊙, indicated by the black dashed vertical lines.
In each of these mass bins, the black solid circle represents the median of the small dots, and the error bar of each circle represents the
range bounded by the lowest 10% and the highest 10% of the small dots. We do not show the statistical results for satellites with mass
higher than 108 M⊙ due to their small numbers. As seen from the figure, the statistical results can well present the major features of the
original results. The color scale in the left panel represents ∆[Fe/H]≡[Fe/H]max − [Fe/H], where [Fe/H]max is the maximum value of the
stellar [Fe/H] when the progenitor of a satellite falls into a big halo and [Fe/H] is the average [Fe/H] at that time. The color scale in the
right panel represents log[σremov(Z′)/σ(Z′)], where σremov(Z′) is the dispersion of the metal-poor tail derived from the stellar metallicity
distribution which is obtained by removing the stars accreted onto the satellite in previous minor mergers. The color distributions in the
left panel indicates that the relative extension of the metal-rich tail of a satellite is usually formed before the progenitor of the satellite
falls into a big halo to become the satellite, and the star formation after infall has negligible effects to the final shape of the metal-rich tail.
The color distributions in the right panel indicates that the metal-poor tails of the satellites in most of their stellar mass ranges are mainly
constructed through minor mergers, except for some small satellites (with M∗ ∼ 103–105 M⊙). See details in Section 3.2.
We find that in the fiducial model, the relative exten-
sion of the metal-rich tail of a satellite is usually formed
before the progenitor of the satellite falls into a big halo
to become the satellite, and the star formation after in-
fall has negligible effects to the final shape of the metal-
rich tail. We define ∆[Fe/H]≡[Fe/H]max − [Fe/H] and
show it in the left panel of Figure 11 by color scales to
indicate the relation of the metal-rich tails of the satel-
lites with infall, where [Fe/H]max is the maximum value
of the stellar [Fe/H] when the progenitor of the satel-
lite falls into a big halo and [Fe/H] is the average [Fe/H]
at that time (note that the definition of such a variable
to illustrate this relation is not unique). As seen from
the color distribution of the points in Figure 11, most
of the satellites with low σ(Z)/Z¯ have a low ∆[Fe/H]
and those with high σ(Z)/Z¯ have a high ∆[Fe/H]. Only
some small satellites (with M∗ ∼ 10
3–105M⊙) have a
high ∆[Fe/H]. For those with low ∆[Fe/H] at infall, a
strong-enough star formation and chemical enrichment
after infall should be required to increase the extension
of the metal-rich tails. However, after infall, the origi-
nal halo of the galaxy may be tidally disrupted in the
big halo, and the effect of SN feedback is very strong in
the fiducial model. The strong feedback would strongly
restrict the number of the stars that can be formed in
the post-infall stage, which limits the possible value and
the scatter range of σ(Z)/Z¯. This is why the σ(Z)/Z¯
values shown in Figure 11 appear flat over stellar masses
and has small scatters for relatively large galaxies (with
stellar mass 105 − 108M⊙). The scatter in the galaxies
with stellar mass above 108M⊙ begins to increase, as the
feedback in these large galaxies is not as strong as that
in those smaller galaxies.
The scatter of σ(Z)/Z¯ becomes very large in the very
small stellar mass range, i.e., 103 − 105M⊙. The reason
can be understood as follows. These small galaxies are
formed in small halos and the amount of gas for star
formation is small. It is possible that the majority of the
gas in some galaxies (with high ∆[Fe/H]) has turned into
stars before infall, and thus the relatively large extension
of their metal-rich tails are actually formed before infall,
when SN feedback is much weaker than that after infall.
The weak feedback strength leads to a strong metal-rich
tail. For the galaxies whose metal-rich tails are not quite
extended before infall, their σ(Z)/Z¯ are similar to those
of larger galaxies. For larger galaxies, their halos are
larger and contains more gas, and generally they do not
turn a large part of the gas into stars before infall, so
their σ(Z)/Z¯ are not large.
The dependence of the metal-rich tails on different
physical processes are illustrated in the left panels of Fig-
ures 12-15.
• Figure 12 shows the statistical result of σ(Z)/Z¯
obtained from the models with different vhot.
The models with vhot = 400 km s
−1 and vhot =
200 km s−1 have almost the same dispersions, be-
cause in these two cases the feedback strength pro-
vided by the scaling law is too strong to have signif-
icant star formation after infall. As vhot decreases
to 100 km s−1 or even 50 km s−1, the effects of dif-
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ferent vhot begin to appear, and the galaxies tend to
have higher σ(Z)/Z¯, because the weaker feedback
allows more stars to be formed and more efficient
metal enrichment.
• Figure 13 shows the statistical result of σ(Z)/Z¯
obtained from the models with different αhot. For
αhot = 4.0 and αhot = 3.2, the dispersions are the
same. This is again because the feedback in these
two cases strongly suppresses the star formation in
the post-infall stage. With αhot = 2.0, the feed-
back is weakened, which allows the formation of
more metal-rich stars, enhances the metal-rich tails
of the distributions, and thus increases σ(Z)/Z¯.
This figure also shows the results obtained from
the model with αhot = 3.2 and vhot = 100 km s
−1
for comparison, which are similar to those of the
model with αhot = 2.0 and vhot = 200 km s
−1. The
degeneracy of the models with αhot = 3.2, vhot =
100 km s−1 and αhot = 2.0, vhot = 200 km s
−1 can
be understood from Figure 2, in which the lines
representing the SN feedback efficiency of the two
models (with circles and with triangles) are close.
• Figure 14 shows the statistical results of σ(Z)/Z¯
obtained from different reionization models. As
seen from the left panel, σ(Z)/Z¯ obtained in the
weak reionization model is higher than that in the
strong reionization model. This can be understood
as follows. As pointed out in Section 3.1, given
the stellar mass of a galaxy, reducing reionization
strength shifts its formation into lower mass ha-
los, and increases its disk circular velocity and the
galaxy star formation rate, which would enhance
the possibility for a galaxy turning the majority
of the gas into stars before its infall, and thus en-
hance the metal-rich tail. Furthermore, a larger
disk circular velocity would also reduce the feed-
back coefficient β and help to enhance the star
formation after infall. For the very small galaxies
(103 − 104M⊙), the enhancement is limited, be-
cause even with strong reionization, a part of them
can still turn the majority of the gas into stars be-
fore infall. But for galaxies in 104−106M⊙, the en-
hancement of metal-rich tails is quite obvious. This
enhancement becomes small again in more massive
mass range 106−108M⊙, because reionization can-
not strongly affect the more massive dark matter
halos as mentioned before.
• Figure 15 shows the statistical results of σ(Z)/Z¯
obtained from models with and without including
molecular hydrogen cooling processes. These two
models give almost the same dispersions, which
means that the meal-rich tails are not sensitive
to the molecular hydrogen cooling process. This
is easily understood as follows. Molecular hydro-
gen cooling is only expected to work before the
accomplishment of reionization, after which the
UV background would strongly dissociate hydrogen
molecules and suppress this cooling mechanism. It
is only important for very small halos, and hence
is unlikely to contribute to the metal-rich tails of
satellites which are formed at lower redshift and in
relatively large halos.
4. DISCUSSIONS
We have studied the behaviors of various metallicity
properties under different physical conditions, and these
metallicity properties can be used to put constraints on
the underlying physical processes of galaxy formation,
such as reionization and SN feedback.
4.1. Constraints on the reionization model
Kirby et al. (2013) measure the slopes of the stellar
metallicity – luminosity correlation and the stellar metal-
licity – stellar mass correlation for the MW satellites
and find αobs = 0.29 ± 0.02 and 0.30 ± 0.02, respec-
tively. Among all the models mentioned in Section 3, the
fiducial model with strong reionization provides a similar
slope (note that the best-fit intercept obtained from the
fiducial model is also roughly consistent with the obser-
vational correlation provided in Kirby et al. 2013). Ac-
cording to the change tendency of the correlation slope
under different physical conditions obtained above, below
we argue that it is unlikely to produce such a slope under
the weak reionization model even by varying the other
parameters in the different physical processes involved.
• Under the weak reionization model, if all the other
parameters are the same as those in the fiducial
model, we find that the slope of the correlation
predicted by the simulation is about 0.45, which is
substantially steeper than the observational slope.
• The relatively steep slope predicted by the weak
reionization model cannot be reduced by adjusting
the molecular hydrogen cooling process. As indi-
cated in Figure 4, the H2 cooling has very limited
effects on the average stellar metallicities of larger
satellites because the major parts of their stars are
formed in atomic cooling halos. For small satel-
lites, it enables the star formation in smaller halos,
and thus leads to an earlier enrichment. So turning
off molecular hydrogen cooling can only delay the
enrichment and thus reduce the average metallici-
ties of small galaxies. And this would only increase
the slope rather than reduce it.
• The relatively steep slope predicted by the weak
reionization model cannot be reduced by increas-
ing the SN feedback efficiency. As shown in Fig-
ure 2, the feedback strength predicted by the scal-
ing law with the fiducial model parameters has al-
ready been very high to be limited by the energy
condition, so there is no much difference in the re-
sults by further increasing the feedback strength.
• The relatively steep slope predicted by the weak
reionization model cannot be reduced by decreasing
the SN feedback efficiency, i.e., through decreasing
vhot or αhot in the scaling law (Eq. 3).
– Reducing vhot preferentially increases the
slope of stellar metallicity – stellar mass cor-
relation, which can be understood as follows.
Reducing vhot would cause a uniform suppres-
sion of the feedback efficiency expected by the
scaling law. Galaxy formation processes can
be affected if the expected feedback strength
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Fig. 12.— Metallicity dispersions for different vhot. The parameters other than vhot all have the same values as those for the fiducial
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Fig. 13.— Metallicity dispersions for different αhot. All the other parameters not labeled in the figure have the same values as those for
the fiducial model. The points and the error bars have the same meanings as those in Figure 11. As seen from the figure, the metal-poor
tails are not sensitive to αhot; while the metal-rich tails are sensitive to the reduction of the SN feedback strength through reducing αhot
(note that some degeneracy exists in the results obtained from different vhot and αhot). For more details, see the caption of Figure 11 and
Section 3.2.
is lower than the limit set by the energy con-
dition, which is relatively easier to occur for
relatively large galaxies, e.g., M∗ ∼ 10
6M⊙
or higher. So reducing vhot would preferen-
tially enhance the metallicities of relatively
large galaxies, and thus increase the slope of
stellar metallicity – stellar mass correlation,
which is supported by Figure 4 (though the re-
sults are for the strong reionization model, for
galaxies more massive than 106M⊙ the effects
of the reionization are weak). Our simulation
results show that reducing vhot to 100 km s
−1
increases the slope from 0.33 to 0.4, and fur-
ther reducing vhot to 50 km s
−1 destroys the
correlation.
– Reducing αhot causes a suppression of the
SN feedback efficiency preferentially in small
galaxies. This may increase the metallicities
of small galaxies while keep those of relatively
large galaxies unchanged, so it may reduce the
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The points and the error bars have the same meanings as those in Figure 11. This figure indicates that different reionization strength can
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Fig. 15.— Metallicity dispersions obtained with and without including H2 cooling. All the other parameters are the same as those for the
fiducial model. The points and the error bars have the same meanings as those in Figure 11. The figure indicates that neither metal-poor
tails nor metal-rich tails are sensitive to the H2 cooling process. For more details, see the caption of Figure 11 and Section 3.2.
slope of the metallicity – stellar mass correla-
tion. The lower boundary of αhot is 2.0, which
is set by the energy condition. We find that re-
ducing αhot from 3.2 to 2.0 in the weak reion-
ization model does reduce the slope, from 0.45
to 0.43; however, the reduced slope is still too
large to be consistent with the observational
one.
Hence the observed slope of the stellar mass – metal-
licity correlation strongly prefers the strong reionization
model. As mentioned in Section 2, the weak reionization
model is close to or slightly later than the cosmic aver-
age reionization epoch and the strong reionization model
is probably earlier than the cosmic average. The strong
reionization model implies that the region around the
MW or the local group is reionized earlier than the cos-
mic average, or there is also a non-negligible contribution
from the local ionizing radiation field in additional to the
global ionizing background. This is in agreement with
the conclusion drawn in Font et al. (2011). Our results
support the patchy reionization scenario (Lunnan et al.
2012), in which the reionization is inhomogeneous and
the reionization redshifts for different halos are different.
Note that our work tests the patchy properties on rela-
tively large scales (i.e., the host halo scale ∼ 300 kpc),
that is, the reionization is patchy at least on the scales
19
comparable to the MW host halo or the local group size.
Apart from the slope, σ(Z ′)/Z¯ ′ is also mainly affected
by different reionization models (see Fig. 14). Future
observations on it will further examine the constraint on
the reionization strength.
4.2. Constraints on the SN feedback models
After the strong reionization is adopted, the observa-
tional slope in the stellar metallicity versus stellar mass
correlation can also further put constraints on vhot.
• Figure 4 indicates that only the model with feed-
back that is strong enough can provide a relatively
small slope. With αhot = 3.2, the slope pro-
duced by the models with vhot = 100 km s
−1 or
vhot = 50 km s
−1 is too large to be consistent with
the observation. We find that even if a larger αhot
is adopted, it is still difficult for the models with
a smaller vhot to generate a slope consistent with
observations. For example, if αhot is increased to
4.0, the slope is reduced only a little to 0.38, which
is still larger than the observational value. There-
fore the observational αobs = 0.30±0.02 prefers the
case of vhot > 100 km s
−1.
• The model with vhot = 400 km s
−1 gives almost the
same results as that adopting vhot = 200 km s
−1,
because the feedback strength is limited by the en-
ergy condition, so these two values cannot be dis-
tinguished in the dwarf satellites.
• Assuming strong reionization and vhot =
200 km s−1, Figure 5 shows that the correla-
tions resulting from the model with αhot = 3.2 and
that with αhot = 2.0 are almost the same. The
reason is that the change of the feedback strength
is not very strong.
The metal-rich tails are more sensitive to the change
in the feedback strength and may put some further con-
straints on (vhot, αhot). Figure 16 shows σ(Z)/Z¯ ob-
tained from different SN feedback parameters, together
with the observations of 14 satellites around the Milky
Way taken from Leaman (2010). The observation of
LMC, with log[σ(Z)/Z¯] = −0.33, is not shown in this
figure, because the stellar mass of LMC is above 109M⊙,
which is out of the range of the figure. It is reasonable
to omit LMC because here the discussion focuses on the
dwarfs with stellar mass between 103M⊙ and 10
8M⊙.
The observation of another satellite, Bootes I, is not
shown in Figure 16, either. The stellar mass of Bootes
I is 2.9 × 104M⊙ (McConnachie 2012), and it has an
extremely low σ(Z)/Z¯, ∼ 10−3, according to Leaman
(2010), which is much lower than the values of all the
other observed satellites with similar stellar masses. This
would indicate that Bootes I is very special and beyond
the scope of the model in our work.
Figure 16 shows some degeneracies in (vhot, αhot): the
results obtained from the models with (400 km s−1, 2.0)
and (200 km s−1, 3.2) are close, which can be understood
from Figure 2 where the feedback efficiencies of the two
sets of parameters are close. As seen from Figure 16,
however, the result of the model with (200 km s−1, 2.0)
is distinguishable from the above two. The observa-
tions on σ(Z)/Z¯ prefer the models with (vhot, αhot) =
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Fig. 16.— Comparison of the observational metal-rich tails with
the model results obtained with different SN feedback parame-
ters. The open circles represent the observational results, where
σ(Z)/Z¯ are from Leaman (2010) and the stellar masses are from
McConnachie (2012), for satellites SMC, Fornax, Sculptor, Sex-
tans, Carina, Leo I, Leo II, CVn I, Seg I, Ursa Major I, Willman I,
Draco, Ursa Minor and Hercules. The solid symbols and the error
bars have the same meanings as those in Figure 11, and the param-
eters not labeled in the figure have the same settings as those in
fiducial model. The figure indicates that the fiducial model (solid
triangles) are generally consistent with the observational metal-rich
tails well.
(400 km s−1, 2.0) and (200 km s−1, 3.2) to the model with
(200 km s−1, 2.0).
5. SUMMARY
We have investigated the effects of the SN feedback, the
reionization of the universe, and the molecular hydrogen
cooling processes on the chemical properties of the dwarfs
around the Milky Way-like host galaxies, through a semi-
analytical galaxy formation model. Our fiducial model
can reproduce the luminosity function, the stellar metal-
licity versus stellar mass correlation, and the distribution
of the metal-rich tails of the MW dwarf satellites.
We find that the slope of the stellar metallicity versus
stellar mass correlation is sensitive to the SN feedback
parameter vhot, which can lead to a universal change of
feedback strength among the whole satellite mass range.
This slope is larger with smaller vhot, but a too small vhot
destroys the correlation. This slope is fairly not chang-
ing with vhot when vhot is above 200 km s
−1, because the
feedback strength expected by the feedback scaling law
is too large so as to be limited by the energy condition.
We find that the slope of the stellar metallicity versus
stellar mass correlation is also sensitive to the strength
of the reionization process. The slope is flatter if the
universe or the local universe is reionized earlier (i.e.,
reionization is stronger). The reason is that the halo of a
given mass dwarf before infall is relatively more massive
in a (local) universe with stronger reionization, which
thus allows a more efficient metal enrichment.
Both the SN feedback and the reionization affect the
slope, but in different satellite mass range. Feedback
preferentially affects large dwarfs, because the feedback
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strength in small dwarfs is limited by the energy condi-
tion. The SN feedback affects the slope through affecting
the metallicities of those large dwarfs, with mass above
several 106M⊙. Reionization only strongly affects small
halos, and thus it can only affect small dwarfs signifi-
cantly. The reionization affects the slope through affect-
ing the metallicities of the small dwarfs, with mass below
4× 106M⊙.
We find that the metal-poor tail (quantified by
σ(Z ′)/Z¯ ′) is sensitive to the reionization. With weaker
reionization, the σ(Z ′)/Z¯ ′ of the satellites less massive
than 105M⊙ are smaller, because weaker reionization in-
creases the star formation rate and reduces the minor
merger possibilities of the small galaxies, which leads to
weaker metal poor tails; but the σ(Z ′)/Z¯ ′ of more mas-
sive satellites are larger, because weaker reionization low-
ers stellar metallicities in these small galaxies, while the
metal-poor tails of larger galaxies are contributed mainly
by the small galaxies through mergers, and the reduction
of the stellar metallicities of the small galaxies enhances
the metal-poor tails of the larger galaxies.
We find that the strength of the metal-rich tail (quan-
tified by σ(Z)/Z¯) is sensitive to feedback parameters.
With weaker feedback, the tails are stronger. This is
because weaker feedback allows more efficient metal en-
richment and more metal-rich stars to form and thus en-
hances the metal-rich tails.
We find that both the metallicity - stellar mass correla-
tion and the metallicity distribution in individual satel-
lites are not sensitive to molecular hydrogen cooling, as
it only affects the formation of a very small part of stars
in dwarfs.
The various chemical properties can be used to con-
strain the underlying physical processes of galaxy for-
mation. The observed slope (0.30 ± 0.02) of the stellar
metallicity – stellar mass correlation prefers the strong
reionization, which suggests that the universe is reion-
ized at a redshift & 10 or the local universe is reionized
earlier than the cosmic average due to the contribution
from the local reionizing sources. This slope also prefers
vhot > 100 km s
−1. The observations on σ(Z)/Z¯ can
put constraints on αhot: they prefer the models with
(vhot, αhot) = (400 km s
−1, 2.0) and (200 km s−1, 3.2) over
the model with (200 km s−1, 2.0). There are some degen-
eracies between vhot and αhot, for example, the results of
(vhot, αhot) = (400 km s
−1, 2.0) and (200 km s−1, 3.2) are
close.
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APPENDIX: GAS COOLING RECIPE
The gas cooling rate in a DM halo at time t, M˙cool(t),
is calculated by
M˙cool(t) =
Mgas[rmin(t+∆t)]−Mgas[rmin(t)]
∆t
, (25)
where Mgas(r) is the total hot gas mass within radius
r of the DM halo and rmin(t) ≡ min[rcool(t), rff(t)].
The rcool(t) is the cooling radius and obtained by the
following energy-conservation equation in the model of
Cole et al. (2000):
µmHρgas(rcool)Λ(Tgas, Zgas) · (t− t0) =
3
2
kTgas, (26)
where µmH is the mean molecular mass of the hot gas,
k is the Boltzmann constant, ρgas(r) is the mass density
of the hot gas at radius r, Λ(Tgas, Zgas) is the cooling
function as a function of the gas temperature Tgas and
metallicity Zgas (Sutherland & Dopita 1993), and t0 is
the beginning moment of the cooling. The rff is the free-
fall radius obtained from the solution of tff(r) = t − t0,
where t0 is the beginning moment of the cooling process,
tff(r) is the free-fall time taken by the materials to free
fall to the center of the DM halo from radius r.
In the model of Cole et al. (2000), at the moment
t0, the mass density of the hot gas in a dark matter
halo is assumed to follow a distribution with ρgas ∝
1/(r2 + r2core), where rcore is a parameter. The Tgas is
set to be the virial temperature of the DM halo. The gas
heated by the SN feedback (reheated gas) is assumed
not to join the cooling process until the DM halo mass
grows up to twice of the mass obtained at t0. Once the
DM halo mass doubles, the hot gas distribution is re-
distributed to incorporate the previously reheated gas,
and then the previously reheated gas joins the cooling
process. This treatment partly realizes the processes in
which as the dark matter halo grows, the gravitational
potential changes and the hydrodynamical state of the
hot gas also changes correspondingly. However, the re-
heated gas could cool down before the obvious change of
the gravitational potential, which is roughly considered
in the model of Bower et al. (2006). In that model, the
reheated gas is assumed to join the cooling processes in a
time scale comparable to the halo dynamical time scale.
In this work, we calculate the cooling of this reheated gas
by the following simple and more detailed treatments.
As the reheated gas is generated at a relatively late
time, it is hotter than the original gas which begins to
cool at t0, and thus the reheated gas alone usually would
not contribute much to the cooling rate M˙cool. But if the
reheated gas is mixed with the cooling hot gas since t0,
it can join an efficient cooling immediately. To calculate
the degree of this mixing process, we assume that the
mass density of the reheated gas follows the same pro-
file shape as the original hot gas. As this mixing occurs
before the significant change of the halo gravitational po-
tential (i.e., the halo mass doubles), the parameter rcore
is assumed not to be changed, while only the normaliza-
tion of the distributions are different. The temperature
of the reheated gas is set to the virial temperature of
the DM halo. Because of the limited amount of the re-
heated gas, usually it can only distribute to an outermost
radius rout which is smaller than the DM halo’s virial ra-
dius rvir. If since time t
′(> t0), rout starts to be larger
than rmin(t
′), the reheated gas between rmin and rout is
mixed with the original hot gas which cools since t0. The
mixing is assumed to be homogeneous and changes the
mass density of the hot gas between rmin and rout. We
denote the total gas mass density after the mixing by
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ρ′gas and the metallicity by Z
′
gas. After the mixing, we
calculate the cooling radius rcool from the solution of the
following energy-conservation equation:
µmHρ
2
gas(r)Λ(Tgas, Zgas) · (t
′ − t0) + µmHρ
′2
gas(r) ×
Λ(T ′gas, Z
′
gas) · (t− t
′) =
3
2
kTgasρ
′
gas(r),
(27)
and the free-fall radius rff from the solution of the fol-
lowing equation:
ρ′gas(r) = ρgas(r)·(t
′−t0)/tff(r)+ρ
′
gas ·(t−t
′)/tff(r). (28)
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